Background: Health services research aimed at understanding service use and improving resource allocation often relies on collecting subjectively reported or proxy-reported healthcare service utilization (HSU) data. It is important to know the discrepancies in such self or proxy reports, as they have significant financial and policy implications. In high-dependency populations, such as stroke survivors, with varying levels of cognitive impairment and dysphasia, caregivers are often potential sources of stroke survivors' HSU information. Most of the work conducted on agreement analysis to date has focused on validating different sources of self-reported data, with few studies exploring the validity of caregiver-reported data. Addressing this gap, our study aimed to quantify the agreement across the caregiverreported and national claims-based HSU of stroke patients. Methods: A prospective study comprising multi-ethnic stroke patient and caregiver dyads (N = 485) in Singapore was the basis of the current analysis, which used linked national claims records. Caregiver-reported health services data were collected via face-to-face and telephone interviews, and similar health services data were extracted from the national claims records. The main outcome variable was the modified intraclass correlation coefficient (ICC), which provided the level of agreement across both data sources. We further identified the amount of over-or under-reporting by caregivers across different service types. Results: We observed variations in agreement for different health services, with agreement across caregiver reports and national claims records being the highest for outpatient visits (specialist and primary care), followed by hospitalizations and emergency department visits. Interestingly, caregivers over-reported hospitalizations by approximately 49% and under-reported specialist and primary care visits by approximately 20 to 30%.
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Conclusions: The accuracy of the caregiver-reported HSU of stroke patients varies across different service types. Relatively more objective data sources, such as national claims records, should be considered as a first choice for quantifying health care usage before considering caregiver-reported usage. Caregiver-reported outpatient service use was relatively more accurate than inpatient service use over shorter recall periods. Therefore, in situations where objective data sources are limited, caregiver-reported outpatient information can be considered for low volumes of healthcare consumption, using an appropriate correction to account for potential under-reporting.
Keywords: Healthcare, Validation, Caregiver, Intraclass correlation coefficient, Stroke Background Agreement or repeatability is the degree of concordance across two or more data sources (or raters) for the variables studied. Gisev et al. [1] described inter-rater agreement (IRA) as "the extent to which different raters assign the same precise value for each item being rated" [1] . Context is important in conducting and reporting agreement studies, as the accuracy of the results is affected by the population characteristics, recall period, type and frequency of utilization and mode of data collection [2] .
Stroke survivors are high utilizers of healthcare resources, and studies have tried to quantify the cost of stroke for resource allocation and policy purposes. Such studies often rely on self-reported usage [3] [4] [5] [6] [7] . Moreover, stroke as an illness is unique, as it leads to multiple disabilities and varying levels of cognitive impairment, with survivors often depending on a caregiver for different needs, including keeping track of healthcare service utilization. Health services research aimed at understanding service use and improving resource allocation often relies on collecting subjectively reported healthcare service utilization data. With an ageing population, the dependence on caregivers to collect care recipient-related information will significantly increase. Thus, it is important to assess the validity of the healthcare service utilization of stroke patients reported by their caregivers. Most of the work performed on agreement to date has focused on the agreement between different sources of self-reported data, with few exploring the validity of proxy-reported data compared with electronic records [8] [9] [10] [11] . Moreover, none of these studies were based on proxy reporters of stroke survivors. The current study will address the abovementioned knowledge gaps.
In addition to a dearth of research on the validity of proxy-reported data for stroke, there is a general methodological issue regarding how data in such studies are treated. Typically, healthcare utilization agreement studies have attempted to either quantify agreement based on traditional measures, such as Cohen's kappa or the intraclass correlation coefficient (ICC) [8, 10, [12] [13] [14] [15] [16] [17] [18] , or used a two-step process to extend the analysis to describing the reporting patterns of utilizers [11, [19] [20] [21] [22] [23] [24] [25] [26] . Studies often end up dichotomizing or categorizing their healthcare service utilization data (e.g., counts or discrete events), which could potentially result in a loss of power. Addressing this issue, we will consider an approach whereby we will quantify the agreement based on original count data.
Methods
The primary aim of the current research was to investigate the absolute agreement between caregiver-reported and national claims record-based healthcare service utilization in stroke patients in an Asian setting. The objectives of the study were the following: (i) to report the absolute agreement between the two data sources in the number of healthcare visits post-stroke for inpatient, emergency department (ED), specialist outpatient clinic (SOC) and primary care (PC) services and (ii) to quantify over-or under-reporting by caregivers across different healthcare services utilized by stroke patients, with national claims records taken as the gold standard.
Researchers have previously reported several weaknesses of administrative databases in conducting research, such as limited information on the clinical care delivered, varying accuracy across different data elements, limited information on reasons for utilization or the severity of illness and limited accuracy in identifying clinical diagnoses or procedures [27] . Therefore, few considerations should be considered while assuming an administrative database, such as a claims data record, as a gold standard in research. First, whether the purpose of the research aligns with the purpose of maintaining the administrative database should be considered. The national claims record in Singapore maintains an islandwide database of acute and outpatient healthcare service utilization and associated expenditures. Current research is focused on studying the reporting pattern for healthcare service utilization, requiring us to extract utilization information from the national claims record. Because the information extracted constitutes the primary data fields captured in the national claims record, we are better positioned to assume it as a gold standard with respect to the data fields considered. However, if we were to use an administrative database to diagnose a disease condition, we would be relying on the International Classification of Diseases (ICD) codes or procedural coding within the administrative database, which are inherently plagued with accuracy issues arising due to variations in coding at the physician level and the limited specificity of certain diseases. In this scenario, consideration of an administrative database as a gold standard may not be feasible unless validation studies provide evidence of the accuracy of the information captured [28, 29] .
Another consideration regarding healthcare service utilization information is the coverage of services under the administrative database. The national claims record covers inpatient healthcare utilization across both the public and private sectors, while the outpatient healthcare coverage is limited mainly to the public sector or government-run SOCs and polyclinics. Therefore, we are relatively more confident in considering the national claims record as a gold standard for inpatient services than for outpatient services. To elaborate on potential implications, we will be more certain about the over-or under-reporting of caregiver-reported inpatient services, whereas we must interpret outpatient services based on our findings. If we encounter over-reporting of outpatient services by caregivers, we will not be able to comment on whether there is true over-reporting or if it is an artefact due to the limited coverage of outpatient services in the national claims record. However, if our findings suggest the under-reporting of outpatient services by caregivers, we will be more certain of the finding, with the magnitude of under-reporting being a conservative estimate of the true value.
We hypothesized the following: (i) the absolute agreement to be higher for inpatient service use and lower for ED, SOC and PC service use; and (ii) the inpatient service utilization to be over-reported and the ED, SOC and PC service utilization to be under-reported. Our hypotheses are based on previously reported findings, whereby salient or more serious events such as hospitalizations are reported with greater accuracy than are non-salient or less serious events such as outpatient visits [2] . Moreover, proxies over-report hospitalizations and tend to under-report outpatient service use [8, 30] .
Singapore stroke study (S3)
Stroke survivors and caregivers were recruited from all five tertiary hospitals in Singapore from December 2010 to September 2013 under the Singapore Stroke Study (S3). Eligibility criteria included the following: Singaporean or permanent residents, older than 40 years old and residing in Singapore for 1 year of follow-up, stroke was clinically confirmed with imaging evidence, recent diagnosis (symptoms occurring no more than 4 weeks prior to seeking care) and the absence of global aphasia. Caregivers were immediate or extended family members or friends, older than 21 years of age, the main people providing care and taking responsibility for the patient and not fully paid for caregiving.
Caregiver-reported stroke patients' healthcare service utilization (counts of hospitalizations, ED visits, SOC visits and PC visits) in the past 3 months at each interview over 1 year was considered in the current analysis. The 3-month recall period was determined based on the past literature supporting the association of shorter recall periods with a greater accuracy of reporting utilization [2] . Information across both S3 and the national claims record was matched based on the quarterly availability of healthcare usage data, with data availability ranging from one quarter to all four quarters post-index stroke. We summed the utilization reported across all available 3-month periods or quarters for both data sources, which implies that if caregiver X-reported and national claims record-based healthcare service utilization information is available over the first post-stroke quarter (0-3 months) and second quarter (3-6 months), utilization over these two quarters will be summed, and the absolute agreement for caregiver X will be calculated based on this summed utilization. This quarter-based approach was taken because the caregiver-reported information was captured over each quarter with a consistent recall period of 3 months, and it enabled us to maximize the sample size available for the current analysis.
Analysis
Agreement analysis is based on quantifying how well two or more data sources (or raters) report concordance on a common phenomenon being studied. This phenomenon in the current study is healthcare service utilization, captured as count variables. Our two data sources are caregivers of stroke survivors (proxy reported) and the national claims record. Two of the commonly used agreement measures are Cohen's kappa for binary or categorical variables and the ICC for continuous variables. This traditional ICC, commonly used to quantify agreement for continuous data [31, 32] , is based on analysis of variance (ANOVA) [33] . Expanding on this approach, we introduce the concept of modified ICC, which can be defined as the proportion of betweengroup variance by total variation (including both betweenand within-group variance) and can be used to quantify agreement for both continuous and count data [34, 35] .
Modified ICC ¼ between−group variance between−group variance þ within−group variance Here, between-group variance is a measure of heterogeneity in the utilization pattern of stroke survivors and within-group variance is a result of deviation from the absolute agreement between healthcare service utilization information for a stroke survivor from both data sources. In simple terms, if there is high absolute agreement between both caregiver-reported and national claims record-based utilization information, the within-group variance (in the denominator) would be lower, resulting in a higher value of the modified ICC. For more details regarding the calculation of the modified ICC, refer to Additional file 1.
Adopting a generalized linear mixed model (GLMM)-based approach, agreement for healthcare service utilization between caregiver-reported and national claims record data can be quantified as this modified ICC, with applicability extending to count or discrete event variables. The GLMM approach provides flexibility to not only deal with non-Gaussian variables but also enable the incorporation of random and fixed effects into the model [36] . We incorporated a random intercept for each stroke survivor and a fixed term denoting the data source (0 = national claims record; 1 = caregiver report) to obtain between-group variance and withingroup variance, respectively (Model 1). We ran four models in total, one for each service studied, assuming a Poisson distribution for the total visits with log-link. The GLMM approach provided a modified ICC on the original scale (i.e., total number of visits) and the latent scale (i.e., log-transformed scale), and we reported both scales for completeness. We used the bootstrap approach to obtain the 95% confidence interval for the modified ICC estimates (both latent and original scales). From Model 1, the exponentiated value of the coefficient for the data source variable, where national claims data was the reference, indicated the over-or under-reporting of healthcare service utilization by the caregiver (i.e., incidence rate ratio). We also reported the traditional ICC for the number of visits by assuming the total number of visits was Gaussian-distributed. R software version 3.3.3 was used in the analysis [37] , with the rptR package used to compute the modified ICC [35] . A P-value less than 0.05 was set as the threshold for statistical significance.
Results
A total of 485 stroke patient-caregiver dyads were available for the current analysis after matching across both databases and excluding those dyads with patient deaths occurring within the observation period of 12 months (n = 37).
The baseline socio-demographic characteristics of the stroke survivors are provided in Table 1 . The majority of the stroke survivors were less than 65 years of age, Chinese, married, religious, and male. Almost all stroke survivors were admitted to a subsidized ward class for index-stroke episodes, with approximately 8% opting for non-subsidized wards. The proportions of patients with mild, moderate and severe stroke, as measured by the National Institutes of Health Stroke Scale (NIHSS), were 58%, 36% and 6%, respectively. Approximately 45% of the patients were moderately to severely dependent, as measured by the Barthel Index at baseline, with approximately 38% having slight or no dependence and 17% having complete dependence. More than half of the stroke patients had no cognitive impairment at baseline. The average age of caregivers at baseline was 47 years. More than half of them were spousal caregivers, followed by adult-child, siblings and others (distant relatives and friends) as caregivers. The majority were Chinese females, and approximately three-quarters were married. Slightly more than one-third of the caregivers were providing care to multiple care recipients, and approximately three-fourths were co-residing with the stroke patient.
As shown in Table 2 , the caregivers reported outpatient service utilization by stroke patients with greater accuracy than inpatient service utilization. The highest agreement was observed for the SOC service, with a modified ICC value of 0.64 (95% CI: 0.56, 0.69), and this was closely followed by the PC service, with the agreement measured as a modified ICC of 0.61 (95% CI: 0.52, 0.66). Within the inpatient services, the volume of hospitalizations was reported with greater accuracy than was the volume of ED services consumed, with an ICC between a caregiver-reported and claims record-based volume of hospitalizations across both data sources of 0.48 (95% CI: 0.41, 0.55). The lowest agreement was observed for ED services, with a modified ICC value of 0.39 (95% CI: 0.08, 0.49).
All the services utilized by stroke patients were under-reported by their caregivers, except for the number of hospitalizations, which was over-reported. Caregivers reported 49% more hospitalizations than those found in the national claims record (95% CI: 1.22, 1.82). The magnitude of under-reporting by caregivers, compared with utilization in the national claims record, varied across different services, with under-reporting ranging from 72 to 87%, 23 to 35% and 9 to 28% for ED, SOC and PC services, respectively ( Table 2) . We conducted additional sensitivity analyses to determine whether the reported results changed with the addition of relevant covariates. In general, our adjusted analysis results were similar to those reported here after taking into account the variability attributable to the covariates, such as stroke survivors' socio-demographic, clinical and functional characteristics (refer to Additional file 2: Tables S1, S2 and S3 for details regarding the analyses and results).
Discussion
Our study demonstrates a discordance between proxy and national claims record reports of health care utilization for stroke patients. Furthermore, we illustrate a novel approach for quantifying agreement across different data sources using the original data (e.g., counts or discrete events), without dichotomizing or categorizing our data. In the past, some studies limited their results to reporting single agreement measures such as kappa or the traditional ICC [8, 10, [12] [13] [14] [15] [16] [17] [18] , while others opted for a second analysis, reporting factors associated with over-or underreporting [11, [19] [20] [21] [22] [23] [24] [25] [26] . Often with healthcare data, count variables are binarized to facilitate the use of kappa, compromising on the information available, which potentially results in a loss of power, and our study addressed this gap in the literature.
Previous studies have reported that more salient events, such as hospitalizations, are remembered with greater accuracy than are less salient events, such as outpatient visits [2, 11] . However, our results show caregiver-reported agreement to be higher for outpatient (SOC and PC) services compared with that for inpatient services. A possible explanation could be that past literature mainly focused on self-reported estimates, while our study is among the few to analyse caregiver-reported usage and, to the best of our knowledge, the first to do so in stroke populations. Another possible explanation could be the shorter recall period in our study, during which caregivers reported more frequent events with greater accuracy than did less frequent events. In the past, a shorter recall period was recommended to yield a more accurate reporting of frequent healthcare events [2] . Moreover, agreement estimates for salient events are higher for studies involving a longer recall period [11, 30, 38] than a shorter recall period [8, 17] . Another possibility could be that the construct of saliency may be operationalized differently for caregivers, with the frequency of healthcare events having greater significance The mean and SD were reported for these variables than the saliency of the type of healthcare event. Similar findings were reported by a study involving proxy-reported healthcare use, with agreement for outpatient service use being higher than that for inpatient service use, with a Lin's concordance correlation coefficient of 0.67 and 0.55, respectively [8] . Compared with the traditional ICC, higher estimates of the modified ICC were observed for all healthcare services. Therefore, treating count data as continuous may lead to the underestimation of the magnitude of agreement by approximately 15%, 16% and 28% for inpatient, SOC and PC services, respectively. Assuming the national claims record as a reference, we observed the over-reporting of inpatient service use and under-reporting of outpatient service use by stroke patients according to their caregivers, which is in accordance with previous studies [8, 15, 30] . For example, for every 10 hospitalizations in the national claims database, caregivers reported 15 hospitalizations, whereas for every 10 PC visits, caregivers reported 8 visits. There are potential implications of these inaccuracies in reporting, whereby using caregiver-reported hospitalizations could inflate the usage by 50% and lead to the overestimation of usage and economic burden. This result is important because hospitalizations constitute a major proportion of total healthcare costs. Similarly, the use of caregiver-reported PC usage may yield conservative estimates, with a 20% lower usage; this may affect decisionmaking in terms of the allocation of resources to outpatient settings or evaluation of interventions targeted at improving outpatient service use post-stroke. Based on current findings, as much as possible, the use of administrative data sources (e.g., national claims record) for healthcare service utilization information is suggested. Depending on the availability and feasibility of acquiring administrative data, caregiver-reported estimates of outpatient service use can be considered for low volumes of consumption, taking into consideration 20 to 30% under-reporting by inflating the caregiver-reported utilization appropriately. When these caregiver-reported estimates of outpatient service usage are independent variables in the regression analysis, measurement error models can be used to avoid biased estimates. It is important to note that the decision to choose one of the data sources, proxy-reported or administrative databases (including national claims records), should not only be based on the accuracy of information but also consider factors such as feasibility, timeliness, availability, cost of acquisition, and comprehensiveness of the data fields collected.
Our study has some limitations. We assumed the national claims record to be the gold standard source of healthcare service utilization data, which may not be the case. Although inpatient service utilization in claims records includes both public and private sectors, PC service utilization may be limited to the public sector. However, the healthcare system in Singapore is based on a heavily subsidized public healthcare sector to enable affordability, which in turn incentivizes consumers to utilize healthcare resources in the public sector. Moreover, our findings of the under-reporting of PC usage are a conservative estimate of the actual under-reporting by the proxies, considering the limited coverage of PC in the national claims record. Because agreement estimates are context-dependent and vary across different populations, the generalizability of our results will be limited to the population of stroke survivors.
Our study has the following strengths. First, we adopted a modelling approach to calculate absolute agreement while accommodating for non-Gaussian healthcare data. Moreover, adopting this methodology allowed us to study both agreement measures and reporting patterns (overvs. under-reporting) within a single analysis rather than calculating them separately, as has been done in the past [11, [19] [20] [21] [22] [23] [24] [25] [26] 39] . Second, to the best of our knowledge, we are among the first to report the agreement of caregivers or proxy-reported healthcare utilization with the national claims record (an objective data source). Recently, a few authors reported agreement for proxy-reported resource Modified ICC assumes the healthcare usage has a Poisson distribution utilization [8] [9] [10] [11] . However, none of these studies focused on stroke survivor populations, who are relatively high utilizers. The higher relevance of our study also lies in the fact that post-stroke survivors have speech impairment, cognitive impairment, and physical disabilities of varying magnitudes, resulting in a high reliance on caregivers to report the healthcare resource use of their care recipient. Moreover, with a rapidly ageing population globally, the relevance of caregiver-reported resource utilization will increase. Thus, it is crucial to determine the accuracy of their reporting patterns.
Conclusion
In conclusion, we described the agreement between caregiver-reported and national claims record-based healthcare utilization of stroke survivors by utilizing a model-based approach and reporting the modified ICC. Caregiver-reported outpatient service use is relatively more accurate than inpatient service use over shorter recall periods based on a comparison of modified ICC estimates. Therefore, objective data sources (such as a national claims record) should be considered for quantifying healthcare usage. Depending on the availability and feasibility of acquiring such administrative data, caregiver-reported estimates of outpatient service usage can be considered for low volumes of consumption. Furthermore, the modified ICC can be used for both Gaussian and Poisson data, making the modified ICC a universal agreement measure for continuous and count variables. Future research initiatives should expand the current analysis to study the agreement between caregiver-reported healthcare costs and explore adjusted agreement analysis with appropriate covariates. 
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